The kinetic parameters of [8-"C ]adenosine transport by a general nucleoside uptake system were studied in germinated conidia of the ad 8 strain of Neurospora crassa. The apparent Km for adenosine uptake by this system was found to be 6.2 uM. The apparent Ki values for other nucleosides competing with adenosine for uptake were measured by using Dixon plots. Nucleosides which were efficient competitive inhibitors of adenosine transport were found to inhibit severely the rate of growth of strain ad-8 on adenosine-supplemented medium. Xanthosine and thymidine did not inhibit [8-"C ]adenosine uptake as severely as other nucleosides, nor did they cause significant inhibition of ad-8 growth rate on adenosine.
In a previous paper (4) , it was suggested that growth inhibition patterns may be used to predict the specificity of nucleoside transport systems in Neurospora. In particular, it was hypothesized that adenosine transport in N. crassa would be inhibited by uridine, inosine, and guanosine but not by xanthosine or by other compounds that failed to inhibit the growth of strain ad-8 on adenosine.
Two nucleoside transport systems were found in N. crassa by Schlitz and Terry (6) : (i) a general nucleoside transport system which accepted purine and pyrimidine nucleosides and (ii) a purine nucleoside transport system acting only upon purine nucleosides. Using the same ad-8 strain which was used for growth inhibition studies (4), we were able to obtain experimental conditions where only the general nucleoside transport system appeared to be operating in germinating conidia, allowing us to study the kinetics of adenosine uptake by the common nucleoside carrier system.
MATERIALS AND METHODS
Chemicals. Omnifluor, [8-' "C]adenosine, and [2- "C ]uridine were obtained from New England Nuclear Corp. The nucleosides were obtained from Sigma Chemical Co. Neurospora strains. Strain ad-8, used throughout this study, lacks adenylosuccinate synthetase activity (2) and grows only on media supplemented with adenine, adenosine, or deoxyadenosine. The ad-8 strain was maintained at 30 C on Vogel minimal ' Present address: Department of Biochemistry, Colorado State University, Fort Collins, Colo. 80521. medium (7) with 20 mg of adenine added per 100 ml of media.
Growth rate determinations. The growth rates of Neurospora strain ad-8 were measured at 30 C in growth tubes (5) containing Vogel minimal medium and adenosine, in the presence and absence of various other nucleosides. Inhibitor concentrations were always 10 times higher than the adenosine concentrations. Growth was measured in millimeters at 12-h intervals, and growth rates were determined from the linear part of the growth curve (12 to 84 h). The procedure of Dunnett, for the comparison of all treatment means with a control mean, was used to determine which nucleosides significantly altered the growth rate of strain ad-8.
Deoxyuridine and thymidine were filter-sterilized for each growth rate determination. The method of sterilization (autoclaving or filter sterilizing) did not influence ad-8 growth rate when purine nucleosides were used.
Uptake of [8-"C] adenosine by germinated conidia of strain ad-8A. Conidia from 5-to 7-day cultures were harvested in Vogel minimal medium containing 20.0 mg of adenine per 100 ml. The conidial suspension was filtered through sterile cheesecloth and incubated with stirring at 30 C for 5 h. A portion of the conidial suspension was centrifuged, and the pellet was suspended in Vogel minimal medium to give a final concentration of 4 x 106 conidia per ml. After 2 h of incubation in Vogel minimal medium (with stirring, at 30 C) to deplete any existing pools of adenine, 2.0 ml of conidial suspension (4 x 10 conidia per ml) was added to tubes containing [8-"C] adenosine, making a total volume of 4.0 ml. The rate of uptake was found to be linear for 40 min at 2 ,uM adenosine with 2 x 106 conidia per ml. After an appropriate incubation time (usually 5 min), the tube contents were filtered through a membrane filter (Millipore Corp.), and the conidial residue was washed with 10 ml of ice-cold Vogel minimal medium. The filters with conidial residue were dried, added to 10 ml of Omnifluor liquid scintillation fluid (New England Nuclear Corp.), and counted in a Beckman liquid scintillation counter.
Determination of apparent K, values. An assumption made in deriving the expression for estimating an inhibition constant (K,) is that the inhibitor competes with the substrate for binding at the active site of the enzyme but is not transformed into product, so that K, values are true measures of enzyme inhibitor affinity. In studies of transport processes, the inhibitors used are often substrates for transport, as is the case in our work. By assuming that the competing substance (inhibitor) is also a substrate for the transport process, the initial velocity of transport of the substrate becomes V, = (Vmax, -S/ fKm, [ 
RESULTS
Schlitz and Terry (6) have provided evidence that N. crassa purine nucleosides are taken up by a general nucleoside transport system and a purine-specific nucleoside transport system. Transport of 0.62 MM [8-"C ] adenosine is inhibited equally well by uridine or adenosine, which indicates that, at this point in the germination of ad-8 conidia, the purine nucleoside transport system is not yet operating ( Table 1 ). The absence of the purine nucleoside transport system at this point in the germination of ad-8 conidia allows us to study adenosine transport by the general nucleoside transport system alone. All kinetic studies on adenosine uptake were performed during the period indicated in Table 1 . Over this time interval, there is little or no change in the initial velocity of adenosine transport. The apparent Km for adenosine transport was calculated to be 6.2,uM (Fig. lb) .
The apparent K, values for inhibition of [8-"C ladenosine uptake by nucleosides were calculated from Dixon plots (see Fig. 3 ) and are presented in Table 2 . The apparent Km for [2-"C luridine transport by this system was calculated to be 16 MM (Fig. 2a) ,uM from a Lineweaver-Burk plot.
The growth rates of ad-8 on adenosine in the presence or absence of other nucleosides are shown in Table 3 . The ad-8 strain of N. crassa lacks adenylosuccinate synthetase activity (2) and grows only on media supplemented with adenine or an adenine nucleoside. At an adenosine concentration (0.01 mM) which gives approximately 1/2 maximal growth rate (Fig. 3) , the slight inhibition in the presence of thymi- dine was not statistically significant at the 5% level, and xanthosine appeared to have no inhibitory effect at all. The other nucleosides restricted growth severely. At almost maximal growth rate (0.10 mM adenosine), thymidine and xanthosine showed no significant inhibition of the ad-8 growth rate, whereas deoxyinosine caused slight inhibition.
Besides adenine and adenosine, deoxyadenosine may also be used to satisfy the purine requirement of the ad-8 strain. However, the maximal growth rate attained when deoxyadenosine is the purine supplement is significantly lower than when adenine or adenosine is used (Fig. 3) 'These values were obtained from recent studies and differ slightly from those published previously (4).
c No growth, Growth rate was less than 0.4 mm/h.
In each of these cases, the growth itself was quite sparse and morphologically atypical of Neurospora growth habits.
d Significantly different from the growth rate of the control at the 1% probability level.
e Significantly different from the growth rate of the control at the 5% probability level, as determined by the Dunnett procedure for the comparison of all treatment means with control. ing 0.1 mM adenosine with 1.0 mM uridine, 1.0 mM deoxyuridine, 1.0 mM guanosine, or 1.0 mM inosine added. In the majority of cases, no significant growth occurred in a 96-h period. However, in some instances no growth was observed for 30 to 48 h, after which time an almost normal growth rate was attained. Conidia taken from the growth tube failed to grow on minimal medium, indicating that a reversion to prototrophy had not occurred.
DISCUSSION
As proposed previously (4) , there appears to be a correlation between the degree of inhibition of [8-"C Jadenosine uptake by a nucleoside and its ability to inhibit growth of the ad-8 strain on adenosine. Xanthosine was the only nucleoside that did not inhibit [8-"C ]adenosine transport and failed to inhibit the growth of ad-8 on either concentration of adenosine. Slight growth inhibition was caused by thymidine, which also gave slight inhibition of take.
Uridine, guanosine, inosine, and their corresponding deoxyribonucleosides were effective competitors of transport and also caused extreme inhibition of ad-8 growth on adenosine. Deoxyinosine did not inhibit growth of the ad-8 strain at either adenosine level as severely as did uridine, guanosine, inosine, and deoxyuridine; deoxyinosine gave the highest apparent K1 (least inhibition of transport) of all these nucleosides. However, the differences in apparent K1 values measured for uridine, guanosine, inosine, and the corresponding deoxyribonucleosides were relatively small, so that the differences noted in the ad-8 growth rates in the presence of these nucleosides may be due, in part, to other factors. For example, uridine, inosine, and guanosine may inhibit the incorporation of adenosine into nucleotide pools and, subsequently, into nucleic acids. The effects of deoxyuridine on the growth of ad-8 appear similar to those of uridine, but distinctly different from deoxyguanosine and deoxyinosine. It has been shown (1) that in hyphal extracts of N. crassa deoxyuridine is hydroxylated to uridine by the enzyme thymidine-2'-hydroxylase. However, deoxyadenosine and deoxyguanosine are not hydroxylated by this enzyme to adenosine and guanosine, respectively. Thus, the growth inhibition at 0.1 mM adenosine concentration caused by deoxyguanosine may be due to inhibition of adenosine transport, whereas the extreme inhibition of ad-8 caused by deoxyuridine at higher adenosine concentrations may result from inhibition by uridine of adenosine incorporation into nucleic acids, as well as inhibition of adenosine transport.
The maximal growth rate attained by ad-8 on deoxyadenosine is significantly lower than the maximal growth rate attained on adenine or adenosine. The low apparent K1 for deoxyadenosine (15 ,uM) suggests that it is bound by the adenosine transport mechanism and, thus, is probably transported into the cell by the same transport system. However, the metabolism of adenosine and deoxyadenosine is probably quite different in Neurospora, similar to that in Escherichia coli. In E. coli, deoxyadenosine can be broken down to adenine and deoxyribose-1-phosphate or deaminated to yield deoxyinosine which is broken down to hypoxanthine and deoxyribose-1-phosphate (3) . If in N. crassa a large proportion of deoxyadenosine were deaminated and broken down to hypoxanthine, the amount of adenine produced from deoxyadenosine breakdown would be reduced. Since hypoxanthine cannot support the growth of ad-8, the decrease in available adenine would decrease the growth rate of ad-8. (Table 1) when all the kinetic studies were done. All this suggests that (i) we are dealing with the same transport system in regard to adenosine and uridine and (ii) the purine nucleoside transport system is not operating. In the ad-8 strain, the growth inhibition patterns caused by the nucleosides correspond closely to their ability to inhibit adenosine uptake. It would appear that in the ad-8 strain the purine nucleoside transport system does not function at all or may not be contributing significantly to the adenosine concentration in the hyphae.
